A germinating seedling undergoes skotomorphogenesis to emerge from the soil and reach for light. During this phase, the cotyledons are closed, and the hypocotyl elongates. Upon exposure to light, the seedling rapidly switches to photomorphogenesis by opening its cotyledons and suppressing hypocotyl elongation. The E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) is critical for maintaining skotomorphogenesis. Here, we report that jasmonate (JA) suppresses hypocotyl elongation and stimulates cotyledon opening in etiolated seedlings, partially phenocopying cop1 mutants in the dark. We also find that JA stabilizes several COP1-targeted transcription factors in a COP1-dependent manner. RNA-seq analysis further defines a JA-light co-modulated and cop1-dependent transcriptome, which is enriched for auxin-responsive genes and genes participating in cell wall modification. JA suppresses COP1 activity through at least two distinct mechanisms: decreasing COP1 protein accumulation in the nucleus; and reducing the physical interaction between COP1 and its activator, SUPPRESSOR OF PHYTO-CHROME A-105 1 (SPA1). Our work reveals that JA suppresses COP1 activity to stabilize COP1 targets, thereby inhibiting hypocotyl elongation and stimulating cotyledon unfolding in etiolated Arabidopsis seedlings.
INTRODUCTION
Germination is the first developmental stage in the life cycle of a seed plant. In the natural environment, a seedling generally has to push through the soil before it can reach the light. To avoid damage to the shoot apical meristem, which eventually gives rise to all of the plant's aboveground organs, the seedling keeps its cotyledons tightly closed while the hypocotyl elongates. This growth phase is termed skotomorphogenesis or etiolation. As soon as the seedling is exposed to light, it rapidly switches to a growth phase called photomorphogenesis (Nemhauser and Chory, 2002) . The cotyledons open and begin to green and, within a few hours, the seedling becomes photoautotrophic.
The primary mechanism underlying this dramatic phase switch has been elucidated through the discovery of two dozen photomorphogenesis positive regulators and, maybe more importantly, the identification of their repressors. The currently known photomorphogenesis-positive regulators include the transcription factors ELONGATED HYPOCOTYL 5 (HY5; Osterlund et al., 2000) , HY5-HOMO-LOG (HYH; Holm et al., 2002) , PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) and PAR2 (Zhou et al., 2014) . In darkness, the RING type E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) directly targets these transcription factors for degradation through the 26S proteasome pathway, thereby inhibiting photomorphogenesis. In the light, the interaction between COP1 and its partner, SUPPRESSOR OF PHYTOCHROME A-105 1 (SPA1), is reduced, thereby repressing COP1 activity (Lian et al., 2011; Liu et al., 2011; Lu et al., 2015; Sheerin et al., 2015) . Arabidopsis has four SPA family members (SPA1-4), each of which is able to interact with COP1 (Zhu et al., 2008) . Biochemical and genetic studies have shown that SPA proteins enhance the E3 ubiquitin ligase activity of COP1 (Saijo et al., 2003; Seo et al., 2003; Laubinger et al., 2004; Ordonez-Herrera et al., 2015) . As another layer of regulation, light promotes COP1 movement from the nucleus to the cytosol to spatially inhibit its activity (Pacin et al., 2014) . The suppression of COP1 activity results in the accumulation of photomorphogenesis-positive transcription factors, which subsequently alter the global transcriptome to reprogram seedling morphology during the dark-to-light transition (Jiao et al., 2007) .
It has been suggested that the activity of the COP1-SPA complex is further fine-tuned by another large protein complex. This complex is composed of DE-ETIOLATED 1 (DET1; another photomorphogenesis repressor) and its binding partners COP10 and DAMAGED DNA BINDING PROTEIN1 (DDB1), thus termed the CDD complex (Yanagawa et al., 2004) . The CDD and COP1-SPA complexes are functionally interlinked through the CULLIN4 (CUL4) scaffold protein, which aids in COP1-mediated degradation (Chen et al., 2006 (Chen et al., , 2010 . DET1 is also reported to have DNA-binding ability for directly regulating transcription (Lau et al., 2011) .
In addition to these COP1 pathway components, other photomorphogenesis repressors have been discovered, such as the basic helix-loop-helix (bHLH) family transcription factors PHYTOCHROME-INTERACTING FACTOR 1 (PIF1), PIF3, PIF4 and PIF5. When loss-of-function mutations are present in all four PIFs (pif1 pif3 pif4 pif5 quadruple mutant, referred to as pifq), the mutant displays constitutive photomorphogenic phenotypes, indicating that PIFs are required for the maintenance of skotomorphogenesis (Leivar et al., 2008; Shin et al., 2009) . Red light and blue light induce interactions between PIFs and phytochromes or cryptochromes, respectively, thereby suppressing PIF activities Ma et al., 2016) .
While light determines the switch from skotomorphogenesis to photomorphogenesis, the maintenance of skotomorphogenesis requires the participation of plant hormones. Plants defective in brassinosteroid synthesis (Chory et al., 1991) , gibberellin synthesis (Alabadi et al., 2004) or auxin transport (Gil et al., 2001 ) exhibit cop-like phenotypes in darkness, suggesting that these hormones are necessary for the maintenance of skotomorphogenesis. Nevertheless, it remains unclear whether any phytohormone may play a negative role in etiolation.
Jasmonate (JA) is a major defense hormone in plants. In addition to its vital role in protecting plants against necrotrophic fungi and herbivores, JA regulates a variety of plant growth and developmental processes (Yan and Xie, 2015; Huang et al., 2017) .
Jasmonate is perceived by the nuclear localized F-box protein CORONATINE INSENSITIVE 1 (COI1; Katsir et al., 2008; Yan et al., 2009; Sheard et al., 2010) , which assembles the SCF COI1 complex (Xu et al., 2002) . JASMONATE ZIM-DOMAIN PROTEIN (JAZ) family members act as central repressors in JA signaling. In the absence of JA, JAZ proteins interact with a myriad of transcription factors to repress their transcriptional activity, either by recruiting transcriptional co-repressors (Pauwels et al., 2010; Zhu et al., 2011) , or by blocking the interaction between the transcription factors and MED25, a subunit of the transcriptional Mediator complex . More than a dozen JAZ-interacting transcription factors have been reported, most of which are positive regulators of specific physiological pathways Song et al., 2011; Zhu et al., 2011; Zhai et al., 2015) . Upon JA-isoleucine (JA-Ile) perception, JA-Ile acts as a molecular glue to stimulate the interaction between COI1 and JAZ proteins, thereby promoting the degradation of JAZ proteins to de-repress the downstream transcription factors, leading to JA-responsive gene expressions (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . Among the reported JAZ-interacting transcription factors, the bHLH-type transcription factor MYC2 was not only the firstly identified but the most widely studied (Kazan and Manners, 2013) . MYC2 controls root elongation, apical hook formation, defense, and secondary metabolism. ETHYLENE INSENSITIVE 3 (EIN3) and its homolog EIN3 LIKE 1 (EIL1) compose another major branch of transcription factors acting downstream of JAZs. EIN3/EIL1 are responsible for JA-triggered defense responses and root hair development . MYC2 and EIN3/EIL1 mutually interact and repress each other's function in the regulation of apical hook development and defense Zhang et al., 2014) .
So far, whether JA is involved in the regulation of skotomorphogenesis remains unknown. Here, we report that JA inhibits hypocotyl elongation and stimulates cotyledon opening in etiolated Arabidopsis seedlings. We found that JA inhibits COP1 activity to stabilize the transcription factors HY5 and PAR1/PAR2. At the genome-wide scale, JA elicits a proportion of the light-responsive transcriptome in etiolated seedlings, which largely overlaps with the cop1-and light co-modulated transcriptome. JA treatment elicits the expression of a set of light-responsive genes in etiolated seedlings. We further demonstrate that JA not only attenuates the interaction between COP1 and SPA1, but also reduces the COP1 protein accumulation in the nucleus. Our work reveals a physiological role for JA in the suppression of skotomorphogenesis.
RESULTS

JA de-etiolates seedlings through a COI1-dependent signaling pathway
To see if JA might play a role in skotomorphogenesis, we first evaluated the effect of exogenous JA on etiolation. JA inhibited hypocotyl elongation and promoted cotyledon opening in wild-type seedlings ( Figure 1a) . As little as 10 lM JA was able to significantly alter etiolation in wild-type plants (Figure 1b-d) . In contrast, the JA receptor mutants, coi1-1 (strong allele) and coi1-2 (weak allele), stayed unaffected, even when treated with 100 lM of JA (Figures 1b-d and S1 ). Moreover, JAZ1D3A, which overexpresses a truncated form of JAZ1 that lacks the COI1-interacting domain and exhibits constitutive repression of JA signaling (Thines et al., 2007) , exhibited phenotypes similar to coi1 mutants ( Figure S1 ), suggesting that the JA response observed is mediated through the canonical COI1-JAZ signaling pathway.
Next, we treated seedlings with a bacterial toxin, coronatine (COR), to mimic JA treatment. COR facilitates bacterial infection by activating JA signaling to hijack the plant immune system (Feys et al., 1994) . Structurally similar to JA-Ile, COR can be detected by COI1-JAZ co-receptors, thereby activating the JA response. COR treatment also suppresses hypocotyl elongation ( Figure S2a ) and stimulates cotyledon opening in a COI1-dependent manner (Figure S2b, c) . Taken together, these physiological observations imply that exogenous JA or COR suppresses etiolation through the SCF COI1 -JAZ signaling pathway. To see if endogenous JA also can suppress etiolation, the recently reported jaz quintuple mutants (jazQ), which harbor simultaneous mutations in five JAZ genes (JAZ1/3/ 4/9/10) and constitutively activate JA signaling (Campos et al., 2016) , were analyzed for their hypocotyl elongation in the dark. Indeed, the hypocotyls of etiolated jazQ mutants were shorter than the wild-type (Figure 1e ), indicating that both exogenous JA treatment and endogenous activation of JA signaling can inhibit etiolation.
JA alters etiolation through COP1
Short hypocotyls and unfolding cotyledons in JA-treated etiolated seedlings are reminiscent of cop phenotypes. Thus, we speculate that photomorphogenesis repressors might be involved in JA-regulated de-etiolation. We firstly examined the growth of several cop-like mutants under JA treatment in darkness. Although JA inhibited root elongation in all the mutants analyzed ( Figure S3 ), the hypocotyl elongation of det1 or cop1 in etiolated seedlings was not suppressed by JA (Figure 2a,b) . spa1 spa2 spa3 spa4 (spa1234) quadruple mutants were still responsive to JA, but to a lesser extent compared with wild-type seedlings (Figure 2a,b) . This partial insensitivity of spa1234 plants could be explained by the fact that the line we used is not a complete null allele (OrdonezHerrera et al., 2015) . cop1-4 and cop1-6 responded to JA slightly differently, possibly because they are distinct alleles (McNellis et al., 1994) . These results indicate that COP1 and its interaction partners are required for JAinhibited hypocotyl elongation. We also investigated another branch of photomorphogenesis-negative regulators, the PIFs, and found that pifq mutants responded normally to JA, suggesting that PIFs are not involved (Figure 2a, b) . Thus, we propose that JA might suppress COP1 function to alter etiolation. 
JA stabilizes COP1-targeted transcription factors
Because COP1 is an E3 ubiquitin ligase that mediates the degradation of positive regulators of photomorphogenesis, we hypothesized that JA may stabilize COP1 targets to inhibit etiolation. Immunoblotting showed that endogenous HY5 protein levels accumulated after JA treatment (Figure 2c) . Similar to HY5, JA also promoted PAR1 and PAR2 protein accumulation in 35S pro :PAR1-GFP/Col-0 (referred to as PAR1-GFP/Col-0) and 35S pro :PAR2-GFP/Col-0 (referred to as PAR2-GFP/Col-0) transgenic lines, respectively (Figure S4a, b) . It has been shown that the PAR1 protein is degraded during the transition from light to dark (Zhou et al., 2014) , and we found that JA treatment greatly attenuated PAR1 turnover rates ( Figure S4c ). To test whether JA stabilized these transcription factors through the action of COP1, we compared protein abundance in wild-type and cop1-4 mutants. While the basal levels of HY5, PAR1 or PAR2 proteins were all elevated in the cop1-4 background, JA did not significantly enhance their accumulation, as it does in wild-type seedlings (Figures 2c and S4a, b) .
To determine whether the accumulation of photomorphogenesis-positive regulators results in JA-suppressed etiolation, we next investigated etiolation growth pattern in HY5 or PAR1/PAR2 mutants. Both hy5 (hy5-ks50) and hy5 hyh loss-of-function mutants exhibited reduced sensitivity to JA in hypocotyl elongation ( Figure 2d 
MYC2 is required for COP1 suppression
Because MYC2 and EIN3/EIL1 represent two major branches of transcription factors in JA signaling, we then tested whether either is involved in JA-triggered suppression of etiolation. Compared with ein3 eil1, myc2 mutants exhibited much more hyposensitive to JA, including the inhibition of hypocotyl elongation (Figure 3a ,b) and promotion of cotyledon opening ( Figure S5a,b) . JA-triggered HY5 protein accumulation was consistently reduced in coi1 and myc2 mutants, but was not dramatically affected in ein3 eil1 mutants (Figure 3c ). In contrast, plants overexpressing MYC2 (MYC2-4Myc) or its more active form (MYC2 D105N , blocking its interaction with JAZs) displayed hypersensitivity during the inhibition of hypocotyl elongation ( Figure S5c ). In addition, the sensitivity to JA in 
MYC2
D105N was even greater than that in MYC2-4Myc, in agreement with its higher MYC2 activity (Goossens et al., 2015;  Figure S5c ). Finally, we characterized myc2 cop1 phenotypes and found that COP1 acted genetically downstream of MYC2 (Figure 3d ,e). Taken together, we concluded that JA activates MYC2 through the SCF COI1 -JAZ signaling pathway, and then represses COP1 activity for the stabilization of HY5 and inhibition of hypocotyl elongation.
JA triggers the light-responsive gene expression in darkness
Because JA-treated etiolated seedlings phenocopy cop1 mutants and light-responsive genes are known to be misregulated in cop1 mutants (Jiao et al., 2007) , we performed transcriptomic profiling using RNA sequencing (RNA-seq) to determine whether JA treatment affects the light-responsive gene expression in etiolated seedlings. Transcriptome of etiolated wild-type seedlings was compared with those of etiolated seedlings either treated with JA or exposed in the light. Etiolated cop1-4 was also analyzed. More than 95% of the sequencing reads were mapped to the Arabidopsis genome (TAIR 10) in each sample, and more than 93% of the reads were uniquely mapped to a single location (Table S1 ), suggesting that the RNA-seq results were reliable. JA treatment in etiolated seedlings resulted in upregulation of 2155 genes and downregulation of 2086 genes ( Figure 4a ; Table S2 ). It is noteworthy that 32.8% of JA-induced genes (707 genes) were also induced by light, and 34.4% of JA-repressed genes (717 genes) were also repressed by light (Figure 4b ; Tables S2 and S3) . Furthermore, JA and light-triggered changes of gene expression correlated well with each other (R 2 = 0.72; Figure 4c ); 64.4% of the JA-light co-induced genes (455 genes) and 56.8% of the JA-light co-repressed genes (407 genes) were simultaneously misregulated in cop1-4 mutants (Figure 4b ; Tables S4 and S5) , strengthening the direct involvement of COP1 in JA-triggered and light-responsive gene expression. Consistent with the observation that JA suppresses hypocotyl elongation in darkness, several Gene Ontology (GO) functional categories were clearly enriched in the 407 genes repressed in JA, light and cop1-4. These include cell wall modification (GO: 0009827; 0009664; 0042545), growth (GO: 0060560; 0009826, 0016049) and response to auxin stimulus (GO: 0009733; Figure 4d ). Six genes categorized as auxin responsive ( Figure S6a ) or cell wall modification (Figure S6b) were selected, and their expressions were validated by quantitative real-time polymerase chain reaction (qRT-PCR). Taken together, the transcriptome analysis showed that JA affects approximately one-third of lightresponsive genes, and that about 60% of these genes are also regulated by COP1. Furthermore, the inhibition of hypocotyl elongation observed in JA-treated seedlings, the cop1 mutant, and the light-treated seedlings is likely due to the repression in the expression of a same set of genes functioning in cell wall organization, growth and auxin responses.
JA suppresses COP1 activity through two distinct mechanisms
Next, we wanted to reveal how JA may inhibit COP1 activity. Firstly, JA slightly induced the transcription of COP1, leading to its accumulation at both mRNA and protein levels ( Figure S7a,b) . COP1 protein level stayed unchanged following JA treatment in 35Spro:YFP-COP1/-cop1-5 ( Figure S7c ), suggesting that JA does not significantly affect its protein stability. Because the interaction between COP1 and SPA is critical in modulating COP1 activity, we then tested the interaction with co-immunoprecipitation (co-IP) assay. Interestingly, we observed a slight accumulation of Myc-SPA1 protein in JA-treated input samples (Figures 5a and S7d). It has been reported that the SPA protein level is increased in cop1 mutants (Chen et al., 2015) ; thus, our observation further indicated that JA treatment reduces COP1 activity. To resolve the issue of unequal Myc-SPA1 protein levels in JA-treated and -untreated protein extracts before immunoprecipitation, we calculated the relative COP1/ SPA1 ratio in the immunoprecipitated Myc-SPA1 complex to reflect the in vivo COP1-SPA1 association with a reported method . With three independent biological replicates, we found that JA reduces the physical interaction between COP1 and SPA1 ( Figure 5b ). To further confirm this conclusion, we performed firefly luciferase (LUC) complementation assay in Nicotiana benthamiana leaves. In this assay, the amino-terminal and carboxyl-terminal halves of LUC were fused with COP1 (COP1-NLuc) or SPA1 (CLuc-SPA1), respectively. COP1-SPA1 interactions result in the complementation of functional LUC, the enzymatic activity of which can be detected with a luminometer. To exclude the possibility that LUC itself could be affected by treatment, a full-length LUC was also transiently expressed in N. benthamiana leaves to serve as a control (Figure 5c ). Our results showed that COP1-SPA1 interactions (reflected by the LUC activity) gradually declined in darkness, and that JA treatment further reduced their interactions (Figure 5c ). In addition, we characterized COP1 subcellular localization through observing YFP fluorescence in 35S pro :YFP-COP1/cop1-5 transgenic plants, and found that either light or JA treatment reduced COP1 nuclear localization (Figure 6a,b) . Because the total abundance of YFP-COP1 protein in cell lysates was not altered by JA (Figure S7c ), we deduced that the reduction in YFP-COP1 signal in the nucleus was probably caused by the promotion of COP1 movement from the nucleus to the cytosol or other organelles.
Collectively, these results demonstrated that JA suppresses COP1 function through reducing COP1-SPA1 interaction and the reduction of COP1 accumulation in the nucleus.
JA participates in photomorphogenesis
Last, we asked whether JA contributes to photomorphogenesis. We first checked our RNA-seq datasheet ( Table S3 ) and found that four genes encoding JA biosynthesis key enzymes (LOX1, LOX2, LOX3 and OPCL5) are transcriptionally induced by light. Their expression patterns were then verified with qRT-PCR ( Figure S8a ). JA contents in light-grown seedlings were higher than etiolated seedlings ( Figure S8b ), which further indicates that JA might be involved in light response. Finally, we observed hypocotyl growth inhibition under different Five-day-old etiolated Myc-SPA1 seedlings were treated with 100 lM JA or left untreated for 4 h. Protein extracts were then immobilized using antiMyc agarose beads, separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, and blotted with an anti-Myc or anti-COP1 antibody. (b) The relative intensities of COP1 and Myc-SPA1 in the precipitated products were calculated using ImageJ software to reveal in vivo COP1-SPA1 interactions. The results for the JA-treated samples (+) were normalized to those of the untreated samples (À). Mean AE SD (n = 3). ***P < 0.001 (oneway ANOVA post hoc Tukey test). (c) Relative luciferase (LUC) activity assay. LUC activity was measured at indicated time points after JA or Mock treatment, and then each value was normalized to time zero to illustrate the dynamic interactions between COP1 and SPA1. A full-length LUC was used as control. Mean AE SD (n = 3). intensity of blue light treatment and found that the blue light-triggered hypocotyl growth inhibition in coi1-2 mutants was reduced ( Figure S8c ). Taken together, we conclude that light triggers JA accumulation through the induction of JA biosynthesis genes for inhibiting hypocotyl elongation during photomorphogenesis in a COI1-dependent manner.
DISCUSSION
As sessile organisms, plants have evolved plastic growth to adapt to changing environments. Plants display stark differences when they are grown under dark or light conditions. In addition to light, several endogenous phytohormones are essential for seedling morphogenesis. In this study, we found that the plant defense hormone JA inhibits etiolated seedling hypocotyl elongation and promotes cotyledon unfolding (Figure 1 ). We revealed that two evolutionarily unrelated protein degradation steps are concurrently involved in the JA-altered etiolation growth (Figure 7) . First, JA promotes JAZ degradation through binding of the SCF COI1 receptor to liberate MYC2. Second, MYC2 suppresses COP1 activity to stabilize COP1-targeted transcription factors. We found that JA enhances the accumulation of several COP1-targeted transcription factors, including HY5 (Figure 2c ) and PAR1/PAR2 ( Figure S4a,b) , to trigger the light-responsive transcriptome in darkness. RNA-seq results further showed that JA elicits a proportion of light and cop1 co-regulated genes, particularly repressing cell wall organization and auxin-responsive gene expressions for inhibiting hypocotyl elongation (Figure 4 ). Our present work shows that JA inhibits COP1 activity through at least two mechanisms: reducing COP1 interaction with its activator (SPA1; Figure 5) ; and decreasing COP1 protein accumulation in the nucleus to spatially suppress its activity (Figure 6 ). The decrease of COP1 concentration in the nucleus would also result in the reduction of COP1-SPA1 interaction, suggesting that these two mechanisms are not completely separated. Interestingly, light also invokes these two mechanisms to suppress COP1 activity during the dark-to-light transition, while another plant hormone ethylene stimulates COP1 nucleus accumulation to promote hypocotyl elongation under light (Yu et al., 2013) . It is assumed that COP1 serves as a central hub to coordinate growth under different conditions.
We find that the JA response in det1-1 mutants is identical to cop1-4 (Figure 2a,b) . However, in addition to complex with COP1, DET1 is able to associate with DNA for direct transcriptional regulation. Thus, we will test whether JA alters DET1 DNA-binding ability in future.
According to our phenotypic observations, the insensitivity of myc2 ( Figure S5b ) is less than that of coi1 (Figure 1d) , suggesting that additional transcription factors are probably involved in this process. We also observed that HY5 protein accumulation does not occur in myc2 mutants (Figure 3c ), and that COP1 acts genetically downstream of MYC2 (Figure 3d,e) . However, the biochemical basis for MYC2 affecting COP1 activity is still unknown. Interestingly, it has been reported that MYC2 controls JAZ9 nuclear localization (Withers et al., 2012) . We thus speculated that MYC2 might recruit a bridge molecule to interfere with COP1-SPA1 interactions and COP1 subcellular localization. The physical interaction between COP1 and SPA1 and YFP-COP1 localization in myc2 mutant background will be systematically explored in future.
Moreover, we also demonstrate that light triggers JA accumulation through the induction of four key enzymes in the JA biosynthesis pathway. Loss of COI1 (coi1-2) results in hyposensitivity to light-triggered hypocotyl growth inhibition, suggesting that JA signaling is involved in photomorphogenesis ( Figure S8 ). It will be of interest to explore how does light induce JA biosynthesis gene expressions.
Root inhibition is the most widely characterized phenotype for identifying new components in JA signaling. However, this trait masks organ-specific components. Researchers are increasingly aware that signaling ) for 12 h, or incubated in 100 lM JA for 12 h, respectively. Scale bar: 20 lm. (b) Fluorescence intensity of the YFP-COP1 region in the hypocotyl nuclei of seedlings grown under similar conditions as described above. Mean AE SE. ***P < 0.001 (Student's t-test).
pathways could differ among organs or tissues. For example, it has been demonstrated that JA cooperates with ethylene in a synergistic manner during root hair development , but in an antagonistic way in the apical hook Zhang et al., 2014) . Additionally, it is reported that NINJA functions dominantly in roots but not aerial tissues (Acosta et al., 2013) . It is therefore plausible to conduct genetic screens based on this novel etiolation growth phenotype with the goal of identifying new organ-specific JA signaling components.
In summary, we characterized an unreported role of JA and uncovered its underlying regulatory mechanisms. Our work will facilitate future forward genetic studies of JA signaling, and shed new light on the study of JA and light-signaling interactions.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
All lines used in this study are in the Columbia (Col-0) background, with the exception of hy5-ks50 (Holm et al., 2002) and hy5 hyh (Holm et al., 2002) , which are in the Wassilewskija (Ws) background. The seeds of coi1-2 (Zhu et al., 2011), JAZ1D3A , jazQ (Campos et al., 2016) , coi1-1 (Xie et al., 1998), myc2-2 (Zhu et al., 2011), MYC2-4Myc , ein3 eil1 ), cop1-4 (McNellis et al., 1994 ), cop1-6 (McNellis et al., 1994 , spa1234 (Lu et al., 2015) , pifq (Leivar et al., 2008) , det1-1 (Dong et al., 2014) , 35S pro :PAR1-GFP (Zhou et al., 2014) , 35S pro : PAR2-GFP (Zhou et al., 2014) , 35S pro :PAR-RNAi (Zhou et al., 2014) , MYC2 D105N (Goossens et al., 2015) , 35S pro :Myc-SPA1 (Lian et al., 2011) and 35S pro :YFP-COP1/cop1-5 (Huang et al., 2013) have been described previously. Homozygous myc2-2 cop1-6 double mutants were obtained from the F2 population of a cross between myc2-2 and cop1-6 by PCR-based genotyping (primers are listed in Table S6 ) for both loci. The PAR1-GFP/cop1-4 homozygous lines were generated from a genetic cross between 35S pro :PAR1-GFP/ Col-0 and cop1-4, and were further characterized by antibiotic screening (to select for the PAR1-GFP transgene) and PCR-Sanger sequencing (to confirm the cop1-4 locus). Similar strategies were used to obtain PAR2-GFP/cop1-4 lines. Before plating, the seeds were sterilized (10% bleach, 0.1% Triton X-100) for 5 min and washed five times with sterile water. For phenotypic observation, sterilized seeds were placed on MS medium (4.4 g L À1 MS salt, 1.5% sucrose, pH 5.8, 1% agar) with the indicated concentrations of JA. Methyl jasmonate (Sigma-Aldrich, http://www.sigmaaldrich. com) was used as the bioactive JA treatment in this study. After 3 days of stratification, the plates were irradiated with white light (100 lmol m À2 s
À1
) for 3 h to promote germination, and then wrapped with aluminum foil and grown vertically at 22°C for 7 days. Etiolated seedling phenotypes were recorded under a stereomicroscope (Nikon, http://www.nikon.com). Hypocotyl length, cotyledon angle and root length were analyzed for at least 20 individual seedlings using ImageJ software (http://rsbweb.nih.gov/ij/).
RNA-seq and data analysis
Five-day-old etiolated Col-0 seedlings were treated with 100 lM JA for 6 h as JA-treated samples ('WTJ'), or exposed to white light (86-88 lmol m À2 s À1 ) for 6 h as light-treated samples ('WTL'). Untreated dark-grown Col-0 seedlings ('WTD') or cop1-4 seedlings ('cop1D') at the same stage were prepared for comparisons. Each sample group possessed three independent biological replicates for statistical analysis. Total RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). Further library construction and sequencing were performed in Vazyme Biotech (Nanjing, China). Briefly, the total RNA quantities were analyzed by Bioanalyzer 2100 (Agilent) with RIN > 8.0. Approximately 3 lg of total RNA was used to isolate poly(A) mRNA with poly-T oligo-attached magnetic beads (Invitrogen, http://www. thermofisher.com). Following purification, the mRNA was fragmented into small pieces by adding fragmentation buffer. Then, the cleaved RNA fragments were reverse-transcribed to create the final cDNA library in accordance with the protocol for the mRNA-Seq sample preparation kit (Illumina). The average insert size for the paired-end libraries was 300 bp. Then, paired-end sequencing (100 bp) was carried out on the HiSeq2500 platform (Illumina, http://www.illumina.com). The raw data were filtered to remove low-quality tags (reads with unknown nucleotides 'N'), empty reads (no read sequence between the adaptors) and reads with only one copy number (reads that might have resulted from sequencing errors). TopHat was used to align the remaining clean reads to the sequences in the Arabidopsis genome database, allowing up to two base mismatches. Genes with fold changes >2 and q value <0.05 were defined as differentially expressed genes (DEGs). Functional enrichments in DEGs were further analyzed on agriGO (Du et al., 2010) , a web-based tool (http://bioinfo.cau.edu.cn/agriGO/) for GO analysis.
RNA extraction and qRT-PCR
Total RNA was extracted from etiolated seedlings using TRIzol reagent (Invitrogen). After DNA removal, 1 lg of RNA was reverse transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa, http://www.takara-bio.com). Real-time PCR reactions were performed on a LightCycler 96 PCR machine (Roche , http:// www.roche.com) with SYBR Premix Ex Taq (Takara). Actin was used as the internal control. Primers used are listed in Table S6 .
JA quantification
Samples for JA analysis were extracted and purified as described (Andronis et al., 2008) , with some modifications in detection conditions. About 200 mg of plant tissues was homogenized and extracted for 24 h in methanol containing 2 H 5 -JA as internal standard. Purification was performed with Oasis Max solid phase extract cartridge after centrifuge. LC-MS/MS analysis was performed on a UPLC system (Waters) coupled to the 5500 Q-Trap system (AB SCIEX). Sample was injected onto a BEH C18 column (1.7 mm, 2.1 9 150 mm; Waters) with mobile phase 0.05% acetic acid and 0.05% acetic acid in acetonitrile. The multiple reaction monitoring (MRM) mode was used for quantification, and the selected MRM transitions were 214.0 > 59.0 for 2 H 5 -JA, 209.0 > 59.0 for JA. Three biological replicates were analyzed for each treatment.
Protein extraction, immunoblot and co-IP
Total protein was extracted from approximately 50 seedlings in 100 ll of lysis buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10 mM sodium fluoride, 25 mM b-glycerophosphate, 2 mM sodium orthovanadate, 10% glycerol, 0.1% Tween 20, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 19 Complete Protease Inhibitor Cocktail (Sigma-Aldrich). Proteins were separated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred to a nitrocellulose membrane (GE Healthcare, http://www.gelifesciences.com) and blotted with anti-HY5 (Abiocode), anti-GFP (Abcam, http://www.abiocode.com), anti-Myc (Abcam, http://www.abcam.com) or anti-HSP90 (Santa Cruz Biotechnology, http://www.scbt.com) antibodies. Goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies (Sangon Biotech, http://www.sangon.com) were used at a 1:5000 dilution. The relative protein level was calculated as described . Briefly, the immunoblot band signals were measured with ImageJ software and subtracted their background signals, and then the relative protein levels were determined by the ratio of HY5 (or GFP) and HSP90 band intensities. For comparison, the value of untreated control was set as 100 and then each value was normalized with this control. Co-IP was performed according to the literature with minor modifications (Lian et al., 2011) . Approximately 0.5 g of seedlings was ground in liquid N 2 , re-suspended in 1 ml lysis buffer and incubated with 40 ll EZview Red Anti-c-Myc Affinity Gel (Sigma-Aldrich) for 2 h at 4°C. The immunoprecipitated products were washed with washing buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA). The beads were then collected by brief centrifugation (3000 g, 2 min), suspended in 29 SDS sample buffer and boiled for 5 min, after which the supernatants were subjected to regular immunoblotting. The anti-COP1 antibody was used as previously reported (Lian et al., 2011) .
Firefly LUC complementation imaging assay
The COP1-NLuc plasmid was previously described (Shi et al., 2016) . To generate CLuc-SPA1 construct, the full-length coding sequence of SPA1 was PCR amplified and cloned in pCAMBIACLuc vector (Chen et al., 2008) . The LUC-only plasmid was kindly provided by Dr Chentao Lin (University of California, Los Angeles, USA), which used full-length LUC coding sequence to replace the original GFP fragment in pEGAD vector. For transient expression in N. benthamiana leaves, plasmids were initially transformed into Agrobacterium tumefaciens (GV3101) and then suspended in induction medium (10 mM MES, 27.8 mM glucose, 10 mM MgCl 2 and 150 lM acetosyringone, pH 5.7) to a final concentration of OD 600 = 0.25. Agrobacterium tumefaciens suspensions were infiltrated into young but fully expanded N. benthamiana leaves with a 1-ml syringe. After infiltration, plants were kept in the dark for 12 h, and then grown under long-day condition at 28°C for 3 days. Infiltrated leaf areas (about 0.2 mm 2 ) were cut and placed into 96-well-white plate (Corning) containing 5 mM luciferin potassium and 0.025% Triton X-100 for 5 min, and then 100 lM JA or Mock treatment were supplemented into wells. Luminescence intensities were recorded with Infinite M200 PRO luminometer (TECAN) at different time points. The values of treatment were normalized with untreated samples (time zero).
COP1 subcellular localization
For nuclear staining, 4-day-old YFP-COP1/cop1-5 seedlings were incubated with liquid MS medium containing 1 lg ml À1 of 4 0 ,6-diamidino-2-phenylindole (DAPI; Roche) with either JA treatment or white light treatment for 12 h, and were then scanned using a TCS SP8 Confocal Laser Scanning Platform (Leica, http://www. leica-microsystems.com). The YFP signal was excited at 514 nm, and emitted light was collected between 525 and 600 nm; DAPI was excited at 405 nm, and emitted light was collected between 432 and 524 nm. The YFP fluorescence intensity of hypocotyl nuclei was quantified using ImageJ.
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